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Abstract 
Some types of storage equipment, such as thermal energy storage (TES) and batteries, have recently become increasingly 
important for peak-load shifting in energy systems. In addition, the sale of photovoltaic (PV) system and battery electric power 
has also helped minimize operating costs. However, optimizing energy systems is difficult because each machine has multiple 
combinations of operations, and the objective function and modeling of some practical machines contain transformed nonlinear 
or non-convex characteristics. Therefore, we adopted the epsilon-constrained differential evolution ( H DE), which is categorized 
as a metaheuristic optimization method, in order to minimize operating costs under nonlinear conditions and various energy 
system connections. First, we consider the case in which electric power generated from the PV system and battery is provided 
only to the electric demand. The second case limits the sale of this electric power to the electric grid. The third condition includes 
the sale of this electric power not only to the grid but also to the electric demand, heat source machinery, and some pumps. We 
demonstrate that the H DE method efficiently solved this strict constraint optimization problem. Moreover, we confirm that the 
total-amount purchase system (the second case) is not always suitable when minimizing operating costs because it depends not 
only on the price of the purchased electricity but also on the price of the sold electricity.
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1. Introduction
In recent years, the installation of renewable power generators, such as photovoltaic (PV) systems, has increased.
In addition, business models for the sale of electricity generated from PVs have spread globally. Batteries have also 
been gradually installed not only to manage the grid’s voltage and frequency but also to minimize operation costs,
especially given dynamic pricing, in which the price of electricity depends on the amount of estimated electricity 
consumption. Moreover, thermal energy storage (TES) is another important system for individual buildings and 
districts because it can minimize operation costs and contribute to business continuity planning (BCP). However, the 
optimization of operating schedules is difficult because a substantial number of decision variables and combinations 
should be addressed in order to determine an optimal solution. Much research has been devoted to determining 
optimal operating schedules. For example, Vetterli et al. [1] applied mixed-integer linear programming (MILP) in 
order to optimize the operating schedules of HVAC systems that include ice-storage systems. Although MILP is an 
efficient and powerful method for solving a linear optimization problem, it is not always suitable because the 
characteristics of many practical machines are modeled as nonlinear functions. Lee et al. [2] proposed particle 
swarm optimization (PSO) as a means to optimize the operation of HVAC systems that include ice storage. 
Bahmani-Firouzi et al. [3] adopted a bat algorithm (BA) in order to optimize battery electric dispatch. PSO and the 
BA are considered to be metaheuristics that can solve almost all functions, such as nonlinear and concave functions. 
However, their research did not simultaneously optimize electric and HVAC systems nor did it consider electricity 
generated using PVs and batteries that is sold to the grid. Therefore, we conducted an integrated optimization that 
includes PVs, batteries, TES, and heat source machines using epsilon-constrained differential evolution ( H DE) [4], 
which efficiently solves constraint optimization problems. Moreover, we performed the optimization under various 
connections of energy systems in order to clarify the effect of batteries and PVs. 
2. Materials
2.1. Modeling energy systems 
In this study, we established three connections of energy systems to be used as case studies, which are illustrated 
in Fig. 1. In Case 1, PV power generation and battery electrical discharge are provided to the electric demand. 
Shortage in the provided electricity is compensated using the electric grid. In Case 2, electricity from these sources is 
sold to the grid. This process is called the full-amount purchase system because all electricity for electric demand are 
purchased from the grid. In Case 3, we established full connectivity as follows. 1) PV-generated power is distributed 
to the electric demand, grid, battery, and air-source heat pump (AHP). 2) Electricity discharged from the battery is 
also distributed to the electric demand, grid, and AHP. The capacity and maximum amount of electric charge to or 
discharge from the battery are set to 500 kWh and 100 kW, respectively. The charging and discharging efficiency is 
set to 0.9. The area of the PV panels and the module conversion rate are fixed at 500 m2 and 13%, respectively. The 
conversion rate of the power conditioner is 0.97. The maximum power output of the AHP is 1,000 kW, and it 
depends on the outside temperature. The AHP has the nonlinear characteristics of the relation between power output 
and electricity consumption. The TES has a capacity of 3,000 kWh, and its storing and releasing efficiency is set to 
1.0. Moreover, the self-loss rate is fixed at 5% per day. The AHP and TES pump can vary the amount of chilled 
water according to the power output of the AHP and the amount of storing and releasing thermal energy in the TES. 
Their characteristics can be found in [5]. 
2.2. Load profiles and the price of purchased and sold electricity 
We considered an office building in Tokyo that had a total floor space of 16,531.1 m2. The load and electricity 
demand are determined by NewHASP/ACLD [6] and CASCADEIII [7], respectively. In the summer, the analyzed 
time horizon and interval are set to 24 hours and 1 hour, respectively. The price of purchased electricity in each 
interval varies with the total hourly electricity consumption, which is the process called dynamic pricing. The price 
of sold electricity is fixed at 26 yen/kWh (1 yen = 0.009 $). The details of electricity pricing are shown in some of 
the figures in section 4. 
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Fig. 1. (a) Case 1 (demand connection); (b) Case 2 (grid connection); (c) Case 3 (full connectivity) 
2.3. Problem formulation 
In this paper, the aim of the optimization is to minimize operating costs for a 24-hour period, which is modeled by 
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where t  denotes the time interval (h), TimeH  represents the time horizon (24 h), tPurprice is the price of purchased
electricity (yen/kWh), tSoldprice indicates the price of sold electricity (yen/kWh), telecec  is the energy consumption 
of the electric system, specifically the amount of electricity purchased from the grid (kWh),  and tHVACec  denotes the 
energy consumption of an HVAC system that includes an AHP and two pumps. In addition, tXtoY , as in tBtoG ,
signifies the amount of electricity or cooling heat transferred from device X to device Y  (kWh), and 
aC represents
the capacity of device a . For example, BC denotes the battery’s capacity (kWh). Furthermore [0,1]taR   signifies the 
decision variables of device a , Beff indicates the battery’s charging and discharging efficiency (=0.9), Macd  is the 
battery’s maximum amount of charging and discharging electricity (=100 kW), t
elecD  denotes electric demand (kW), 
t
PVP represents PV power generation (kW), loss is the TES self-loss rate (=0.05/day), and [0,1]
t
XtoYRate  signifies
the power distribution rate from device X to device Y . For example, tPVtoGRate  is calculated using Eq. (6). Moreover, 
Eq. (2) refers to the constraints concerning the battery’s maximum amount of charging and discharging electricity, 
Eq. (3) represents the constraints needed to balance the amount of energy required to charge the battery and the 
amount provided from the PV to the battery, Eq. (4) is the energy balance of electric demand, and Eq. (5) indicates 
the maximum amount of TES storing and releasing thermal energy. In this study, the number of decision variables is 
216 (9 types u  24 hours), and the constraint is 144. 
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3. Optimization method
3.1. Differential evolution 
Differential evolution (DE) was developed by Storn et al. [8] in 1997 in order to solve global optimization 
problems, regardless of the search domain’s landscape, such as linear, nonlinear, convex, concave, discrete, and 
continuous models. The DE optimization procedure is as follows: 1) initialize N (=300) individuals using a
uniformly random number; 2) independently choose three individuals for each individual; 3) apply the mutation 
method in order to generate donor individual donorix  using Eq. (7), in which M  denotes the mutation rate (=0.5); and 
4) employ the crossover method in order to generate child individual childix  using Eq. (8). Here, ,i kx indicates the k th 
decision variable of individual i , and “crate” represents the crossover rate, which is set to exponentially decrease 
with an increase in the iteration number. 
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3.2. Epsilon constraint handling method 
The epsilon constraint handling method was developed by Takahama et al. [4] to solve constraint optimization 
problems using metaheuristics, such as DE. In this method, constraint violation ( )ixM is applied to each individual
using Eq. (9), in which ( )k ig x and ( )k ih x  signify the inequality and equality constraints, respectively, and p  is a
positive number set to 1.0. In addition, i th individual ix , which has objective function value and constraint 
violation ( 1f , 1M ), is compared with childix , which has objective function value and constraint violation ( 2f , 2M ),
using Eq. (10). The better individual, ix or
child
ix , is applied to the next iteration.
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4. Results and discussion
4.1. Case 1 (Demand connection) 
The performance of the H -constrained DE is displayed in Fig. 2. Every individual in the first iteration is an 
infeasible solution. Thus, the minimum value of phi (green straight line) is greater than zero. The first feasible 
individual is determined after 1,000 iterations because the minimum value of phi is zero. The number of feasible 
individuals drastically increases over the next 3,000 iterations. However, the objective function’s minimum value
slightly decreases because the number of feasible child individuals increases to 120 until around the 3,000th
iteration but then decreases to 25. The objective function value is 360,183 yen/24h. In Fig. 3(a), the battery is 
charged (negative values depicted by gray bars) when the price of purchased electricity is low, and the battery is 
discharged (positive values) when the price is high. Thus, the amount of purchased electricity decreases during the 
day. Fig. 3(b) indicates that a similar phenomenon occurs with the HVAC system. The storing operation of the TES 
(negative values denoted by orange bars) is conducted when the price of purchased electricity is low, and the 
releasing operation (positive values) is conducted when it is high. All electricity produced from battery discharge 
and PV power generation is provided to the electric demand. 
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Fig. 2. Performance of epsilon-constrained DE 
(a) Electric system (b) HVAC system
Fig. 3. Optimal operation schedules in Case 1 
4.2. Case 2 (Grid connection) 
In Case 2, the objective function value is 365,137 yen/24h, which exceeds that of Case 1 because, in Case 2, all 
electricity produced from the battery and PV are sold to the electric grid. We represent the price of purchased 
electricity using a red line in Fig. 3. This price varies from 8.9 yen/kWh to 41.2 yen/kWh. On the other hand, the 
price of sold electricity is set to 26 yen/kWh for each time interval. Thus, during the day, electricity produced from 
the battery and PV system should be provided to the electric or HVAC system because the price of purchased 
electricity is less than the price of sold electricity during the night and greater during the day. Therefore, the result 
for Case 2 is less than the result for Case 1. 
4.3. Case 3 (Full connectivity) 
The objective function value is 355,258 yen/24h, a decrease of 1.4 % and 2.7 % from Cases 1 and 2, respectively.
The optimal battery operation is shown in Fig. 4(c). Electricity is discharged to the grid ( BtoG ) at night. Full 
charging operations are conducted at 8 p.m. and 10 p.m., and full discharging operations are conducted at 9 p.m. and 
11 p.m. in order to obtain the income gained from selling electricity. On the other hand, electricity is discharged to 
electric demand (
elecBtoD ) and HVAC devices ( BtoAHP ) during the daytime hours. The optimal operation for the 
distribution of PV power generation is displayed in Fig. 4(d). These results let us determine an operation strategy for 
the PV system that is similar to that for the battery. Distribution from the PV system to the battery was not examined 
because a battery’s efficiency is less than 1.0. The total amounts of electricity discharged from the battery and PV 
power generation during the day are 500 kWh and 329.7 kWh, respectively, and are provided not to the grid but to 
the electricity demand and HVAC system. Although the number of decision variables is 216 under the nonlinear 
condition, we were able to obtain the optimal solution within the short time period (16 minutes). 
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(a) Electric system (b) HVAC system
(c) Battery (d) PV power generation
Fig. 4. Optimal operation schedules in Case 3 
5. Conclusion
In this paper, we optimized energy systems that include storage equipment, such as a battery and TES. Moreover, 
we clarified the effect of energy system connections and of the price of purchased and sold electricity. First, we 
demonstrated the ability of the H DE to efficiently determine an optimal solution under the nonlinear condition, and 
we detailed its performance. Second, we confirmed that the total amount of a purchased system does not always 
minimize operating cost and that it depends on the relation between the prices of purchased and sold electricity. 
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